Abstract We forecast the cosmological constraints of the neutral hydrogen (HI) intensity mapping (IM) technique with radio telescopes by assuming 1-year of observational time. The current and future radio telescopes we consider here are FAST (Five hundred meter Aperture Spherical Telescope), BINGO (Baryon acoustic oscillations In Neutral Gas Observations), and SKA-I (Square Kilometre Array phase I) single-dish experiment.
HI map, observed with Green Bank Telescope (GBT), and DEEP2 optical redshift survey (Davis et al. 2001) . With the extended GBT HI survey and WiggleZ Dark Energy Survey, the cross-power spectrum between HI and optical galaxy survey was also detected (Masui et al. 2013b) . Recently, another HI survey with Parkes telescope reported the measurements of cross-power spectrum with 2dF optical galaxy survey (Anderson et al. 2017) . So far, the auto-power spectrum of HI IM survey is still not detected (Switzer et al. 2013 ), because of the contamination of the foreground residuals.
There is a number of current and future experiments targeting HI IM. These experiments increasingly comprise of wide-field and sensitive radio telescopes or interferometers, such as BAOs in Integrated Neutral Gas Observations (BINGO, Dickinson (2014) ), Canadian Hydrogen Intensity Mapping Experiment (CHIME, Bandura et al. (2014) ), Tianlai (Chen 2012) and Hydrogen Intensity and Real-time Analysis eXperiment (HIRAX, Newburgh et al. (2016) ). Besides of the special designed telescopes or interferometers, several larger single-dish telescopes and interferometers, such as the Five-hundred-meter Aperture Spherical radio Telescope (FAST, Nan et al. (2011) ), Square Kilometer Array (SKA, Bull et al. (2015a) ; Santos et al. (2015) ; Braun et al. (2015) ) or MeerKAT (Santos et al. 2017) , are also planned for HI IM survey. This paper aims to use HI IM to forecast how the future HI experiments, such as BINGO, FAST and SKA Phase I (SKA-I), will constrain various cosmological parameters.
FAST is the world-largest single-dish telescope for high resolving power. BINGO is a medium sized single-dish telescope with special design . SKA-I is a telescope array in single-dish autocorrelated mode suitable for probing large volumes over very large cosmological scales. These experiments are the next-generation LSS surveys which can be used to learn and address excellent techniques of HI IM surveys. Our aim is to simultaneously consider three experiments whose nature and designs categorically represent many future HI IM probes. We will present quantitative and qualitative comparison between We develop a forecast framework motivated and guided by physical experimental design and set-ups, correctly transformed into mathematics and computer simulations. We believe that, this clear scientifically motivated forecast study will substantially provide testable predictions and determine paths and feasibility of the future HI IM experiments.
The outline of the paper is as follows: In Section 2, we briefly describe the three future experiments, namely, BINGO, FAST and SKA-I. In Section 3, we discuss and summarize the mathematical derivation of the tomographic angular power spectrum and introduce the thermal noise power spectrum as residuals of various contaminants after applying foreground removal techniques. This spectrum of noise is related to various observable experimental parameters. We further show the calculation of noise power spectrum in Section 3.2 and tomographic power spectrum to compute Fisher matrix in Section 3.3. Noise power spectrum together with tomographic angular power spectrum are prime tools for computing Fisher matrix via the maximum likelihood estimation (MLE) (Dodelson 2003; Shaw et al. 2015) . We present forecasts of cosmological constraints in Section 4 based on various cosmological parameters of our choice and analyze the results. In this Section, we also define the cosmological parameters used and present various FAST, BINGO and SKA-I experimental parameter specifications. We summarize our forecasts in Section 5, and finally, we conclude our paper in Section 6.
Unless otherwise stated, we adopt a spatially-flat ΛCDM cosmology model with fiducial parameters listed in Table 1 (Planck Collaboration et al. 2014 , 2016 . Universe and open avenues for doing a wide range of sciences. In this section, we briefly describe each of these three future experiments for studying the IM of neutral hydrogen.
BINGO
BINGO project is proposed to be built in Brazil and aims to map HI emission at redshift range 0.13 − 0.48 (960 MHz ∼ 1260 MHz). BINGO will map approximately 15
• strip of the sky to measure the HI power spectrum and detect for the first time, BAOs at radio frequencies. BINGO expected design is a dual-mirror compact antenna test range telescope with a 40 m primary mirror and an offset focus, proposed to have receiver array containing between 50 -60 feed horns, with a 90 m focal length. For more details about BINGO construction and its prospective capabilities, please refer to Battye et al. (2013) ; Bigot-Sazy et al.
(2015); Battye et al. (2016) .
FAST
FAST is a ground-based radio telescope built within a Karst depression in Guizhou province of Southwest
China. The L-band receiver is build with 19 beams and the multibeam receiver will increase the survey speed (Nan et al. 2011) . FAST is believed to be the most sensitive single dish telescope, covering a wide frequency range from 70 MHz − 3 GHz and potentially large area of up to 25, 000 deg 2 . Here we consider a survey area of 10, 000 deg 2 , approximately equivalent to the one used by Alam et al. (2015) . A chosen survey area reasonably suffices our current study, and is moderate by taking into consideration other experimental parameters and design factors. In addition, this choice is also potentially suitable for any future FAST-SDSS cross-correlation studies. For the HI IM survey with FAST, we consider a frequency range of 950 MHz ∼ 1350 MHz. FAST has a diameter of 500 meters, but the illuminated aperture is 300 meters. For full details of FAST engineering and its capabilities please refer to Nan et al. (2011); Smoot & Debono (2017) .
SKA-I
SKA project, currently under development, is basically an interferometry array. The project is a two-stage development, comprising of SKA Phase I and SKA Phase II (Bull et al. 2015a; Santos et al. 2015; Braun et al. 2015) . The first stage (SKA Phase I) radio astronomy facility is split and shared between South Africa (SKAI-MID) -hosted in Karoo Desert, and an aperture array in Australia, SKA-LOW Phase I (SKAI-LOW). SKAI-MID plans to build 133, 15 m diameter dishes and will incorporate 64 dishes MeerKAT array (Santos et al. 2017; Fonseca et al. 2017a ) each with 13.5 m diameter, that have already been constructed in the Karoo Desert. Note that, SKA-I telescope specifications used for our study have been subject to changes as the project go through various levels of revision (Bull 2016) , see recent updates Square Kilometre Array Cosmology Science Working Group et al. (2018) . Due to the weak resolution requirement for HI IM, we ignore the cross correlation between dishes, which means the SKAI-MID array is working as 133 single dishes, with an extension of 64, 13.5 m MeerKAT array dishes. We therefore consider tentative experimentation with SKAI-MID Band 1 (excluding MeerKAT array), hereafter referred to as SKA-I, at frequencies 350 MHz ∼ 1050 MHz for the full 133 antennae for a total survey area of 10, 000 deg 2 . We however make the same choice of survey area as for FAST for similar reasons as explained in Subsection 2.2. For full details about BINGO, FAST and SKA-I experimental design, see Table 2 .
METHOD

Tomographic Angular Power Spectrum
In our forecast, we consider the tomographic angular power spectrum of HI for the i-th and j-th redshift bins given by
where ∆ 2 (k) is the dimensionless power spectrum of primordial curvature perturbation. Here,
, is the multiplication of HI mean brightness temperature (Chang et al. 2008 ) of the i-th and j-th redshift bins, with
where Ω HI is the fractional of HI density assumed to be 0.62 × 10 −3 (Switzer et al. 2013) and (Hall et al. 2013a) . The transfer function is
which is an integration of the temperature fluctuation over the band-width W (z). The temperature fluctuation, for each ℓ (projected mode) for each wavenumber k and redshift bin z is
where j ℓ is the spherical Bessel function, δ n is the HI density contrast, and the second term kvj ′′ ℓ (kχ)/H is the redshift space distortion term (Hall et al. 2013a ).
Here we work in the tomographic power spectrum in ℓ-space of multiple redshift (frequency) slices. We notice that there are several previous works which implemented the forecasts in 3-D k-space (Bull et al. 2015a,b) . There are some advantages that the tomographic 2-D power spectrum in ℓ−space has compared to 3-D power spectrum in k-space. The 3-D power spectrum in k-space has the following disadvantages:
-It assumes plane-parallel, so it cannot encompass wide angle correlations; -it cannot include lensing effect, either;
-in the analysis of 3-dimensional power spectrum, the redshift bins are typically wide, this neglects the evolution of background within bins; and -it requires a fiducial model which must be assumed to relate redshift to distance.
In addition, the tomographic angular power spectrum can easily be applied to perform cross-correlations between 21cm images and other large-scale structure tracers at the same redshift. Due to these reasons, our approach thus has some advantages over 3-dimensional power spectrum, and we find it worthy investigating as we have done so in this work. Full details regarding the advantages of using the tomographic angular power spectrum are found in Shaw & Lewis (2008) 
Noise
Noise for the single-dish intensity mapping experiment is given by 5) where N ant is the number of antennae, N feed is the total number of feed horns and t TOT is the total observational time. BINGO and FAST system temperatures are given by 
Here, T spl ≈ 3 K is the spill-over contribution.
Furthermore, T rec is the receiver temperature particular to each telescope model. BINGO and FAST receiver temperatures are presented in Table 2 , where for SKA-I
Basically, all three telescopes see the same sky, so we model their sky temperature contribution as Genuinely speaking, 21cm intensity maps highly suffer from contaminations due to foregrounds, such as Galactic synchrotron emission, extragalactic point sources, and atmospheric noises. Thus, application of foregrounds cleaning techniques are inevitably important in order to mitigate these contaminations.
However, there is always some level of contamination residuals after applying such techniques. Therefore, the cross-correlation of noises between different frequency bins may not completely be negligible. So the elements of the noise matrix N ℓ have been treated under some simplified assumptions (Li & Ma 2017) .
Fisher Matrix
We perform the Fisher matrix analysis to explore the potential of the future HI IM experiments for constraining the cosmological parameters. Assuming that the maximum likelihood estimation can be well approximated by multivariate Gaussian function, the Fisher matrix F is then a good approximation of the inverse of the parameter covariance. The Fisher matrix is expressed as, 11) in which, the total noise inverse matrix is given by (3.12) Here, N ℓ , the noise power spectrum, is an n ν × n ν matrix. We assume that, noises between i-th and j-th frequency channels (i = j) are uncorrelated, and thus N ℓ is a diagonal matrix. The tomographic angular power spectrum, C ℓ , is an n ν × n ν matrix, and each element of C ℓ is the HI cross angular power spectrum of the i-th and j-th redshift bins. Furthermore, we multiply the C ℓ with the window function for i, j-th frequency channels, 13) which is simply the multiplication of the Fourier space Gaussian beam function at the i-th and j-th frequency channels. In this case,
14)
where θ FWHM = 1.22λ/D dish is the full width at half-maximum of the beam. The window function (3.13)
implies that, at large values of ℓ, corresponding to small angular scales, it falls off rapidly as depicted by HI angular power spectra in Figure 1 .
For all cosmological constraints, we ignore the monopole and dipole moments, and consider a multipole moments range from ℓ = 2 to ℓ = 600 for forecast with BINGO and SKA-I, and ℓ = 2 to ℓ = 1000 for FAST. This range of ℓ is chosen for each telescope to make sure within each range of ℓ the signal-to-noise ratio is significant, which contributes to the constraints of cosmological parameters. For very high ℓ, the beam function makes the signal to be below the noise power spectrum, so adding high-ℓ of the power spectrum does not improve the constraints.
Here we vary 9 parameters which are shown in Table 1 . Therefore our Fisher matrix (Eq. (3.11)) is a 9×9 matrix. To see how we can tighten up constraints with Planck satellite data, we used the best-fit ΛCDM for FAST (red), BINGO (black) and SKA-I (green) at approximately overlapped frequencies. As expected, we see that the angular power spectra have almost the same profile at large scales but deviating with increase in number of multipoles, ℓ. Beyond ℓ = 150, angular power spectra for BINGO and SKA-I more rapidly become insignificant than noise compared to FAST angular power spectrum.
RESULTS AND DISCUSSION
In this section we present two sets of forecast results, the first one detailing various cosmological constraints comparison between FAST, BINGO and SKA-I, and the second one showing relative constraining capabilities by combining each of the three experiments with Planck. Planck covariance matrix includes TT + TE + EE + lensing, but throughout this paper, we will use a shorthand Planck to mean Planck + TT + TE + EE + lensing. Table 3 shows the 1σ errors for the marginalized parameter constraints for each of these experiments. In our simulations, for all the three experiments, we fix the frequency bandwidth to be 10 MHz, unless stated otherwise. More specifically, the frequency (or equivalently redshift) division is done with uniformly spacing of channels, each of width 10 MHz or 1 MHz, depending on the tests performed.
Which means for standard tests carried with a channel width of 10 MHz, we used 30 redshift/frequency bins for BINGO, 40 redshift bins for FAST and 70 redshift bins for SKA-I, while for tests carried with 1
MHz channel width, we used 300, 400 and 700 redshift bins, respectively, for BINGO, FAST and SKA-I.
We have used significantly narrower channel width compared to most of the previous works, for the benefits we have motivated in the later sections. Roughly, the central value of each channel width was used in calculations, that's the sum of the lower and upper margins divided by 2. The central value of the bin is a good approximation for sufficiently narrower bins in that we can neglect evolution of cosmological functions/backgrounds within each redshift bin, because most of the relevant functions coupled in calculations of the angular power spectra vary slowly with redshift; instead, the evolving cosmological functions are fixed to their values at the central redshift of the bin, the choice which is however motivated by Bull et al. (2015b) . Full telescope specifications we used for simulations are presented in Table 2 , and the descriptions of the cosmological parameters used in forecast are given in Table 1 . We use Camb sources (Challinor & Lewis 2011) to compute the raw tomographic angular power spectra Eq. (3.1) and another code we developed to simulate forecasts of cosmological parameter constraints via Fisher matrix (Subsection 3.3). We will then compare the forecasted constraints between these different experiments.
Dark Energy Constraints
We present two separate analysis, the first one is to show how FAST, BINGO, SKA-I can comparatively 
Planck, see Table 3 . It is very clear that, all three experiments improve dark energy constraints tremendously when the Planck Fisher matrix is added to each of the respective experiment's Fisher matrix.
To benchmark the performance of each single-dish experiment combined with Planck relative to Planck In order to investigate the optimal survey volume, we consider FAST and SKA-I, and explore the range of survey areas from 2, 000 deg 2 to 25, 000 deg 2 . Considering (w 0 , w a ) constraints, we find the optimal survey area is around 16, 000 deg 2 for FAST with T sys corresponding to T rec = 25 K and 9, 000 deg 
We vary the survey area and see which Ω sur can maximize the FoM. As previously stated, we choose the survey area of 10, 000 deg 2 that was covered by the Sloan Digital Sky Survey (SDSS) (Alam et al. 2015) . The choice has a benefit of being fairly moderate and is potentially suitable for comparative and Generally speaking, higher system temperature will result in higher noise spectra, which makes the constraints worse. This is well indicated by the figure of merit ( Fig. 4) , as shown by the two FAST system temperatures, T sys of 25 K and 35 K. Low values of 1/ det C(w 0 , w a ) at high system temperature means that experimental performance decreases with an increase in system temperature. For this reason, it is likely that BINGO is mostly affected because of its high overall system temperature.
There are several reasons why SKA-I performs better than both BINGO and FAST to constrain the dark energy equation of state. One of the reasons is the SKA-I's wide range of frequency coverage. We split the SKA-I frequency range into lower frequency band 350 MHz ∼ 700 MHz and high frequency band 700 MHz ∼ 1050 MHz, and compare them with the full SKA-I frequency range (350 MHz ∼ 1050 MHz).
As shown in Figure 5 , the full SKA-I range of frequencies proportionately puts more stringent constraints on w 0 and w a than lower and upper frequency bands, and the FoM improves significantly, as shown in Figure 6 . The reason is that the full frequency range of SKA-I includes the measurement of HI power spectrum at larger range of redshift evolution, and also includes the information of cross-higher and lower frequency bands correlated signals. Therefore, it provides tighter constraints than higher and lower redshift bands. Moreover, as we have previously accounted for BINGO, system temperature seems to be an important nuisance, which if not controlled, will severe constraints. The less stronger constraints for the SKA-I lower half of the frequency band compared to the upper band in Figure 5 (see also Figure 6 ) is suggestively due to high system temperatures at the corresponding frequencies. The system temperature is somewhat a function of frequency, especially parts of T sys (3.7) that varies with it, i.e. Eqs. (3.8) and (3.9). As a result, we see that system temperature, T sys is more dominant at low frequencies than at high frequencies, see Figure 7 .
This effect can as well be noted for FAST FOM at different system temperatures, 
Constraints of other cosmological parameters
We present the results of our forecast for the 9 cosmological parameters in Table 1 
2012
) and the SKA-I (Bull et al. 2015a; Santos et al. 2015) . Figure 9 shows the constraints on various cosmological parameters. For the case of dark energy equation of state, we have seen that SKA-I will provide strongest constraints followed by FAST and then BINGO.
Considering all 9 parameters, SKA-I and FAST are competitive in their abilities in constraining cosmological parameters. As shown in Figure 9 , FAST provides stronger constraints on n s because its larger dish can provide more constraints on small-scales of HI power spectra. Interestingly, the marginalized constraints on n s for BINGO and SKA-I do not show much significant difference. FAST will also impose stronger constraints on Ω c h 2 , ln(10 10 A s ) and H 0 than both BINGO and SKA-I, but slightly better constraint on H 0 than SKA-I. In comparison, SKA-I will strongly constrain Ω ν h 2 in addition to w a , while slightly better constraining Ω b h 2 and w 0 parameters than FAST. Another observation is that SKA-I imposes slightly stronger bounds on both N eff joint and marginalized constraints than FAST. The corresponding Ω ν h 2 , N eff and Ω b h 2 1σ errors for SKA-I, respectively, reduces by 61.36%, 26.62% and 20% relative to FAST. Likewise, the corresponding 1σ errors for the parameters where FAST performs better than SKA-I: n s , Ω c h 2 , H 0 , ln(10 10 A s ) respectively, are reduced by 63.45%, 46.96%, 7.93%, 23.9% relative to the corresponding SKA-I 1σ errors.
These reductions in the errors proportionately imply improvements in constraints as reflected by simulations. We depict in Figure 10 the relative constraints improvement in percentage for all parameters and for the three simulated experiments.
The prospective better performance of FAST in constraining particular parameters as we have seen, is due to its high angular resolving power. FAST has the largest dish diameter of the three telescopes which means its angular resolution is higher than that of SKA-I and BINGO by a factor of 21 and 7.5 respectively, making it very capable to map signals at small angular scales. So, it is likely that FAST performance will be significant at small scales. On the other hand, Figure 1 indicates FAST is noise-dominated for ℓ > 100, since its signal-to-noise ratio (SNR) is less than unity, while SKA-I does not attain SNR< 1 until ℓ > 150.
This suggests that SKA-I may better constrain cosmological parameters at some ranges of small angular scales due to its higher signal-to-noise ratio compared to FAST on those scales. Although SNR for SKA-I is greater than unity until ℓ > 150, from this point onwards, SKA-I SNR decreases exponentially, while SNR for FAST decreases gently across the same range of scales. This draws another important clue that both FAST and SKA-I can relatively perform well in constraining cosmological parameters sensitive to small angular scales. As we have previously pointed, the trade-off on whether FAST or SKA-I can perform better at small scales, may not be determined by a single factor, but a number of factors, for example, the choice of parameterization.
For the case of dark energy constraints, SKA-I stringent constraints is due to its wide frequency coverage than FAST and BINGO. BINGO is probably underprivileged due to its high system/receiver noise temperature. More specifically, SKA-I + Planck shows some significant improvement in constraining Ω c h 2 , and ln(10 10 A s ) than FAST + Planck and BINGO + Planck by respectively, 27.27%, 39.17% and 33.33%, 43.63%. However, SKA-I + Planck is respectively, slightly better in constraining n s than FAST + Planck and BINGO + Planck by 9.3% and 13.33%.
In the like manner, FAST + Planck shows some significant improvement in constraining Ω c h 2 , w 0 , w a , ln(10 10 A s ), H 0 and n s than BINGO + Planck by 8.33%, 4.93%, 5.88%, 7.34%, 14.31% and 4.44%, respectively.
Though there is significant performance improvement in constraining most of the cosmological parameters for FAST + Planck compared to the FAST alone, for SKA-I + Planck compared to SKA-I alone and for BINGO + Planck compared to BINGO alone, there is no improvement for FAST + Planck in constraining H 0 relative to SKA-I + Planck, see Figures 11 and 12.
As we have seen from Figures 11 and 12 , SKA-I + Planck, followed by FAST + Planck, are more competitive in constraining cosmological parameters than BINGO + Planck. In any case, Planck results have very significant impact to constrain cosmological parameters when combining with each of the three experiments (Fig. 13 ).
In addition, we have tested using the dark energy EoS and find that, for BINGO, FAST and SKA-I HI IM experiments, the choice of frequency channel width ∆ν = 1 MHz can significantly improve constraints for all the three HI experiments than larger channel width (Fig. 14) . This is because smaller band width can preserve the redshift-space-distortion effect on radial direction which makes it less "Limber canceled" than wider bandwidth (Hall et al. 2013a) . This is also illustrated in figure 6 of (Xu et al. 2018 ).
To strike a balance between limitation of foreground techniques to extract HI signal at high angular scales and constraint prospects, as a case study, we simulate new dark energy EoS constraints by ignoring Table 4 . This is a clear illustration of how large angular scales which are more dominated by the foreground contaminations, may affect the cosmological constraint forecast analyses. We will however assume that the ongoing progress in circumventing the foreground challenge and bias at large scales and other systematics at both large and small scales will be successful, and hence allowing us to consider the maximum possible range of ℓ's, as we have done so under this study.
The subject of foreground in general, its dominion and removal challenge on certain angular scales has been discussed in Wolz et al. (2014 Wolz et al. ( , 2015 ; Alonso et al. (2015) and the references therein; whereby Planck 
COMPARISON WITH PREVIOUS FORECASTS OF HI IM
This forecast aims to optimize future 21cm IM experiment potentials, by providing in-depth comparative objective study focusing on FAST, BINGO and SKA-I in autocorrelation mode -a collection of indepen- dent single-dish (rather than usual interferometry) telescopes. We use much cleaner and explicit maximum likelihood and Fisher matrix tools to forecast the behavior of these three telescopes by considering a wide range of sensitive experimental analyses aspects, laying formalism that can be used to forecast varying sets of cosmological parameter constraints with a diverse range of 21cm IM experiments. We notice that there are several previous studies that have made cosmological forecasts for HI intensity mapping experiments, but our paper has the following distinctive features:
-Extended the work by Bull et al. (2015b) to consider different cosmological parameter set. Bull et al. parameters, not directly constraining some parameters by assuming their strong correlation with other parameters, such as in the case of Planck priors, where Planck measurements were combined with a particular experiment. We extended a subset of parameters considered in the aforementioned paper to form a new set, Table 1 , and carried on Fisher matrix forecast, derived and treated under somewhat different approach. However, we expanded both cosmological parameters and HI IM set of experiments compared to such papers as Battye et al. (2013) and , 2016 to form a different forecast portfolio. Forecasting by considering various experimental designs and parameter sets is indispensable, since each set of cosmological parameters intertwined with a particular experimental design in principle, characterizes unique prediction results with an intention to harmoniously and comparatively contribute to address caveats and pinpoint prospects as we move towards a more precision and convergent cosmology.
-Furthermore, our forecast incorporates more recent realistic and finalized development and design information, as these telescope constructions have been undergoing major updates since the previous forecast results. These revisited experimental update set-ups, include the number of beams, dish diameter, frequency bandwidth coverage, survey area for FAST (see FAST included in the early study in Bull et al. (2015b) ); and number of dishes for SKA-I, updated confirmed information about its precursor,
MeerKAT and the new approach for modeling system temperatures.
For example, previous forecasts with SKA-I considered 190 dishes, while we make comparison, for illustration purpose using the case of dark energy EoS (see However, a number of previous forecasts were limited by the information made publicly available during that time. These updates are crucial, because the whole essence of forecast is to enable the HI IM experiments to optimize their performances by considering each aspect and every single detail of their experimental designs and specifications to find out how each experiment is sensitive to various variables.
-We use a reasonably narrow and computationally effective frequency channelization with a bandwidth channel of 10 MHz each as contrasted to previous forecasts, such as Bull et al. (2015b) which considered 60 MHz for all experiments. Our consideration accounts for the role of narrower channel bandwidths, as expected for the modern radio receivers (Bull et al. 2015b) in tightening the constraints.
-We forecast for even more narrower frequency channel width of 1 MHz. This choice is close to the expected channelization of the future real HI IM surveys (Nan et al. 2011; Bigot-Sazy et al. 2016 ).
-In order to break degeneracies and improve precision of cosmological constraints, we include Planck 2015 CMB priors measurements that have been rigorously tested and improved, they include, CMB lensing reconstruction; TT, TE, EE Planck Cosmic Microwave Background (CMB) (Bennett et al. (2013) ) power spectra; where TT represents temperature power spectrum, TE is temperaturepolarization cross-spectrum, and EE is polarization power spectrum; and high ℓ CMB measurements.
This was not objectively considered by even the forecasts such as those which tried to include as many experiments as possible.
-We have provided more extensive quantification of cosmological constraints forecast in regard to these representative telescopes of our choice focusing on HI IM surveys. Other related works such According to them, such improvements were better than autocorrelation results they could achieve.
The fact that the cross-correlated power spectrum will be less sensitive to contaminations, can be used to identify systematics in 21cm maps Pourtsidou et al. 2017; Carucci et al. 2017 ).
Cross-correlation could be less susceptible to systematic contaminants (Pourtsidou et al. 2015) , hence foregrounds and systematics are expected to be highly suppressed, respectively, making their removal and control much easier. Other forecasts include CMB bounds on f NL by combining information from SKA Phase I and Euclid/LSST-like photometric galaxy surveys using multi-tracer, contrasting with respective singletracer measurements (Fonseca et al. 2015) ; and an extension of this approach for HI IM with MeerKAT and photometric galaxy survey to constrain f NL and a number of other parameters (Fonseca et al. 2017b ).
-Although combination of different subsets of cosmological parameters and experimental designs largely characterize the future telescope performances, this study has singled out those features intrinsic to the particular experiment and are likely to determine their performance reliability, consistency and stability in benchmarking with other similar surveys.
In this paper, we have, therefore, intentionally addressed forecasts of cosmological constraints for the three HI IM experiments under consideration, while including issues previously not given significant attention, updating the forecasts to suit the upgrades undergone by the considered telescopes and individually and simultaneously comparatively asses the three telescope performances while laying down a basis for any other cosmological constraints forecast with HI IM experiments, as we prepare for real survey take-off with these next generation instruments. A great deal of useful information we aggregate through our researches play a complementary role in building a scientific body of knowledge that can be maximally deployed to continually study the Universe.
CONCLUSION
We have conducted forecasts for cosmological constraints (Figs. 2, 3 , 9, 11) for a set of 9 cosmological parameters (Table 1 ) and compared performance for three different proposed future survey projects, FAST, BINGO and SKA-I. Our results, with a prescribed choice of experimental parameter set (Table 2) show that FAST experiment will have better performance compared to BINGO, particularly, in constraining dark energy equation of state. In overall, SKA-I will put more stringent constraints for the dark energy equation of state than FAST and BINGO. We notice that, there is a trade-off between SKA-I and FAST in constraining cosmological parameters, with each experiment being more superior in constraining a particular set of parameters.
We point out that narrower frequency bandwidth such as 1 MHz (see Fig. 14) greatly improves constraints because the redshift-space-distortion effect suffers less cancellation if frequency band becomes narrower (Hall et al. 2013a; Xu et al. 2018) . But this requires more computer resources in terms of memory (RAM) for intermediate storage and speed for reasonable computational time. This challenge can however be addressed by advancing computing resources and modeling strategy. We postulate that, high frequency resolution needs one to take into account correlated noise residues at i-th and j-th frequency bins which would become noticeable due to many frequency channels being correlated, otherwise noise residues would be significant to be ignored and in some way impact the results. However, real instrumentation will use much narrower frequency bandwidth which would facilitate radio frequency interference excision (Nan et al. 2011 ).
We conclude that for a single-dish approach, BINGO, FAST and SKA-I will progressively provide stronger constraints on dark energy equation of the state and other cosmological parameters. The constraints can be further improved by combining with CMB experiment such as Planck data.
We performed HI IM Fisher matrix forecast for BINGO, FAST and SKA-I radio telescopes, and ex- Table 1 . FAST, BINGO, SKA-I and many other telescopes are suitable for HI IM, and some will even do a wide range of sciences (Nan et al. 2011) than others. Our aim is not to show the superiority or inferiority of these experiments against each other, but to illustrate a global picture on their relative prospects. Our results can however, signal for adjustment, revision of specification configurations, or for further calibration where there is a possibility in order to rectify and optimize capabilities so that these telescopes can fulfil their promise.
This paper sets an important mark for our series of works to study IM surveys with HI. Future proceedings will feature applicability and quantification of this novel but a promising approach by developing IM pipeline to simulate sky maps for various sky emissions, addressing and testing different foreground cleaning methods, investigating and quantifying various calibration issues. These realistic issues include bandpass calibration, systematics and other uncertainty measurements, studying and developing solid knowledge of polarization purity, and measuring BAO wiggles from HI power spectrum and consequently developing more stringent constraints on dark energy, dark matter and other cosmological parameters.
